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Background: For years, Klebsiella pneumoniae carbapenemase (KPC)-producing K. pneu-
moniae have represented a serious health problem in hospitals worldwide. Since its approval in
2015, ceftazidime-avibactam (CAZ-AVI) had been successfully used for treating complicated
KPC-K. pneumoniae infections, until increasing reports of resistance began to emerge.
Methods: Phenotypic tests and molecular analysis were performed in four multidrug-
resistant K. pneumoniae isolates, collected from two patients following treatment with
CAZ-AVI.

Results: In this study, we report two cases of emergence of CAZ-AVI resistance in KPC-3-
producing K. pneumoniae isolates, collected from two patients following treatment with
CAZ-AVI. Molecular analysis highlighted the D179Y mutation in the blaxpc.3 gene, whose
role in the loss of hydrolytic activity (resulting in decreased carpabenem minimum inhibitory
concentrations and negative phenotypic tests) of the enzyme has already been shown.

Most
Enterobacteriaceae (CRE) rely on confirmatory phenotypic tests for detecting carbapene-

Conclusion: surveillance schemes aimed at detecting carbapenem-resistant
mase production. As reports of these treatment-induced, altered CRE phenotypes are increas-
ing, the initial susceptibility testing should be followed by a combination of phenotypic and
molecular methods, to make sure that no potential carbapenemase-producing bacteria are
missed.
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Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) are among the greatest challenges
to global health because of their limited treatment options and increased risk of
adverse outcomes.'* In Italy, the dissemination of CRE has largely been due to the
plasmid-mediated Klebsiella pneumoniae carbapenemase (KPC), which represents
the most common serine-carbapenemase in K. pneumoniae.” Few drugs are active
against these strains, and a combination therapy is often necessary.

Avibactam (AVI) is a non-beta-lactam beta-lactamase inhibitor with broad-
spectrum activity against serine-carbapenemases. In association with the 3rd gen-
eration cephalosporin ceftazidime (CAZ), AVI restores the activity of CAZ by
inhibiting the Ambler class A carbapenemases (KPC included), class C, and some
class D beta-lactamases, eg, the OXA-48 group.* Since its approval in 2015 by the
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Food and Drug Administration, CAZ-AVI has been suc-
cessfully used in patients with limited treatment options
for complicated intra-abdominal infections and hospital-
acquired, ventilator-associated pneumonia caused by CRE
and other multidrug Gram-negative bacteria.”® The great-
est clinical benefit of CAZ-AVI is its activity against KPC-
producing CRE, which have become increasingly preva-
lent infectious organisms worldwide.” After initial promis-
ing results, however, several studies began reporting the
emergence of CAZ-AVI resistance either in the absence of
prior treatment, or after short periods of exposure to CAZ-
AVI. Mutations in the blaxpc gene, decreased permeability
caused by mutations in outer member proteins and differ-
ences in susceptibilities of KPC subtypes are all mechan-
ism of CAZ-AVI resistance observed in CRE, especially
KPC-producing K. pneumoniae.* "' The mechanism most
often associated with the emergence of CAZ-AVI resis-
tance after treatment has been linked to single amino acid
substitutions in the KPC Q-loop.'*"?

The aim of this study was to investigate the emer-
gence of resistance after a short course of CAZ-AVI
by characterizing four KPC-producing K. pneumoniae
isolates obtained from two patients, before and after
treatment.

Patients

The two patients included in the study were treated in the
intensive care unit (ICU) at the “L. Spallanzani” Hospital
in Rome, Italy, and the four strains analyzed were obtained
from routine broncho-aspirate samples (BAS), before and
after treatment with CAZ-AVI.

Patient-1, a 27-year-old female with HBV-related fulmi-
nant hepatic failure, underwent liver transplantation 5 days
after admission. The patient required prolonged mechanical
ventilation for a large-for-size graft syndrome treated with
a bogota-bag. Piperacillin-tazobactam had been administered
since admission and was continued until 4 days after surgery.
On post-operative day 4, because of the emergence of fever,
meropenem (1 g every 8 hrs), linezolid and anidulafungin
were added; after 12 days, meropenem was replaced by tige-
cycline. On day 22, carbapenem and colistin-resistant
K. pneumoniae were grown from a BAS (strain Kpnl-T0)
and from an intra-abdominal abscess after a further 9 days.
Antimicrobial treatment with CAZ-AVI and fosfomycin (2.5
g every 8 hrs and 4 g every 4 hrs, respectively) was therefore
started, and was continued for 30 days with a good clinical
response. Ten days after the interruption of treatment, a CAZ-

AVl-resistant K. pneumoniae isolate, with an minimum inhi-
bitory concentration (MIC) of >256 pug/mL (strain Kpn1-T30)
and lower carbapenem MICs (Table 1), was isolated from
a surveillance BAS; no further antimicrobial treatment was
initiated. The patient died 82 days after admission due to graft
dysfunction and multiple organ failure.

Patient-2, a 53-year-old man with HIV-AIDS and kaposi
sarcoma, was transferred to the ICU with a septic shock and
respiratory failure following surgery. The patient had under-
gone a week of empiric antibiotic therapy with meropenem,
vancomycin and voriconazole. A methicillin-resistant
Staphylococcus aureus was grown from blood cultures,
and the antibiotic therapy was switched to linezolid and
daptomycin. A carbapenem-resistant K. pneumoniae was
isolated from the BAS after 17 days (strain Kpn2-T0). At
this point, the patient was treated with colistin plus tigecy-
cline. Ten days later, when also the patient’s haemocultures
became positive, CAZ-AVI (2.5 g every 8 hrs) was added in
substitution of colistin, and was continued for 25 days.
A CAZ-AVI resistant (MIC 96 pg/mL) and meropenem-
susceptible K. pneumoniae (strain Kpn2-T25) was isolated
from a surveillance BAS 3 days after the treatment was
withdrawn. The patient did not develop any further acute
infectious complications and was later discharged.

Phenotypic and molecular

characterization of isolates

Species identification and antimicrobial susceptibility were
obtained by MALDI-TOF MS (bioMérieux, Marcy I’Etoile,
France) and Phoenix system (Becton Dickinson Diagnostics,
CA, USA). As per EUCAST recommendations, MICs were
confirmed by broth microdilution for colistin and CAZ-AVI
(Sensititre, ThermoFisher Scientific, Waltham, MA, USA),
while the E-test method (Liofilchem, Roseto degli Abruzzi,
Italy) was used for tigecycline.'* Confirmatory phenotypic
inhibition tests for detection of carbapenemase activity were
performed on all isolates, using phenyl boronic acid (PBA)
and EDTA (Liofilchem).

Multiplex PCRs were performed to identify the most fre-
quently detected carbapenemase genes belonging to class
A (blaxpc), class B (blayny and blanpny) and class
D (blapx.4s-like) (RealCycler KPND and OXVI, Progenie
Molecular, Spain). Identification of mutations in the blaxpc
genes was performed using Sanger sequencing, mapping the
reads of the CAZ-AVl-resistant sequences by Basic Local
Alignment Search Tool (BLAST) analysis against the
reference

blaxpc sequence (GenBank accession no.
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AF395881.1). Colistin resistance mechanisms were analyzed
by standard PCR of the mgrB gene chromosome,'” as well as
porin alterations (OmpK35 and OmpK36), as previously
described.'®

Sequence types (ST) were determined by Multi Locus
Sequence Typing (MLST) of the traditional seven constitutive
genes, as previously described'” while capsular types were
identified by PCR and sequence analysis of the conserved wzi
and wzc genes, present in the capsule polysaccharide locus
(http://bigsdb.web.pasteur.fr/klebsiella/).

Genetic relationships were further investigated by the
validated WGS-based core genome MLST (cgMLST)
scheme v1.0, using the Ridom SeqSphere + software
(Ridom GmbH, Miinster, Germany) with default settings.
Whole genome sequencing was performed using the Ion
Torrent GSS5 platform (Life Technologies, Carlsbad, CA,
USA) by constructing single-end libraries with average
lengths of 200 bp according to manufacturer’s instructions.
All raw reads generated were submitted to the Sequence
Read Archive (SRA) under the BioProject accession num-
ber PRINA510900.

Compared to the reference strain (GenBank accession no.
NC 012731.1), 2,358 target genes were used to characterize
the gene-by-gene allelic profile of the K. pneumoniae isolates.
Antimicrobial resistance genes and plasmid replicons were
extracted from the WGS data and identified by in silico analy-
sis using the ResFinder v3.0 web server (http://www.genomi
cepidemiology.org). The minimum percentage of sequence
identity was set at 100%, with an alignment length of >98%.

Results
For both patients, testing of susceptibility to CAZ-AVI and
carbapenems showed two distinct susceptibility phenotypes
(Table 1): at baseline (patient 1, strain Kpn1-T0 and patient 2,
strain Kpn2-T0) and after 30 days (patient 1, strain Kpn1-T30)
and 25 days (patient 2, strain Kpn2-T25) of CAZ-AVI treat-
ment. Gene content analysis demonstrated that all four
belonged to ST512 with no allele differences within the 2,358-
gene targets detected using cgMLST analysis and with iden-
tical capsular polysaccharide and porin genes (Table 1).
Beta-lactamase gene variants and resistant determinants
are also shown in Table 1. Antimicrobial susceptibility
profiles showed that the isolates were resistant to: amoxi-
cillin/clavulanic acid (MIC >32/2 mg/L), ampicillin, CAZ
and cefepime (MIC >8 mg/L), cefotaxime and tobramycin
(MIC >4 mg/L), ciprofloxacin (MIC >1 mg/L), amikacin
(MIC >16 mg/L), trimethoprim/sulfamethoxazole (MIC >4/
76 mg/L) and piperacillin/tazobactam (MIC >16/4 mg/L).

All four strains were susceptible to gentamicin and tigecy-
cline with varying MIC values (Table 1).

Both isolates of patient 1 showed resistance to colistin due
to inactivation of the mgrB gene by insertion of ISKpn26 (an
IS5-like element). The strains isolated from patient 2 were
susceptible to colistin.

Plasmid content was the same in all strains. We observed
the following plasmids of incompatibility groups (100%
identity): FII(K), FIB(pQil), all known replicons of plasmids
carrying the blaxpc_3 gene (pKpQil-IT, IN233705), FIB(K)
and ColRNAL

Following treatment, only CAZ-AVI-resistant K. pneu-
moniae isolates with decreased carbapenem MICs (strains
Kpn1-T30 and Kpn2-T25 for patient 1 and patient 2, respec-
tively) were cultured from both patients’ BAS. As shown in
Table 1, the MICs of CAZ-AVI increased by at least six
2-fold serial dilutions, ie, from 4 to >256 mg/L and from
1.5 to 96 mg/L, for patients 1 and 2, respectively. Instead, the
MICs of all three carbapenems were markedly decreased, for
both patients’ isolates (Table 1). Phenotypic inhibition tests
using PBA were positive for both “parent” strains, and nega-
tive for the isolates grown after CAZ-AVI treatment. Despite
the decreased MIC values and the negative phenotypic inhi-
bition tests, also the two “post-treatment” strains harboured
the blaypc gene, as detected by WGS data and confirmed by
PCR (Table 1). BLAST analysis of the complete genome
sequences revealed the presence of the blaxpc.3; variant
(GenBank accession no. NG_055494.1) in the CAZ-AVI-
resistant K. pneumoniae isolates. Analysis of the blaxpc
gene showed the presence of a single nucleotide substitution
(G to T), which causes a tyrosine/aspartic acid change at
position 179 (D179Y). This mutation determines an altera-
tion within the conserved blaypc Q2 loop of the blaxpc gene,
which has been shown to have a central role in the hydrolytic
stability of the enzyme.'®

Discussion
In recent years, the increase in resistance seen in Gram-
negative bacteria has led to strong advocacy for the
research and development of new agents against infections
caused by such organisms. CAZ-AVI has represented
a promising therapeutic option to combat KPC-producing
K. pneumoniae.>® However, the increased reporting of
resistance, with or without prior exposure to the com-
pound, is becoming a matter of concern.

It has been reported that the period of exposure to CAZ-
AVI varies from 12 to 19 days and that CAZ-AVI-resistant
K. pneumoniae have been often identified as respiratory tract
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colonizers or a cause of recurrent pneumonia.®'® The
mechanism most often associated with resistance emerged
after a CAZ-AVI-based therapy has been linked to single
amino acid substitutions in the blakpc gene.'>'? Our results
are in accordance with these data, as the mutation we observed
in the two strains isolated from BAS samples of two patients
after a course of CAZ-AVI therapy was the single D179Y
substitution, which has been shown to determine an alteration
within the conserved blagpc Q loop.'® Such mutation pro-
duces the effect of preventing the binding of AVI, causing the
simultaneous reduction of carbapenemase activity, and the
decrease of carbapenem MICs. This results in an apparent
phenotypic change from carbapenem-resistant to susceptible
(although with elevated MICs),
K. pneumoniae, as we observed in the two cases we described
in this study.

The spread of CAZ-AVlI-resistant CRE would bring
serious consequences for hospital surveillance and infec-

of KPC-producing

tion control, so much so that the ECDC recently issued

a document calling for actions.”°

Many microbiology
laboratories often rely on susceptibility testing followed
by phenotypic tests for carbapenemase production in their
active CRE surveillance schemes, while others employ
a molecular approach by screening for the presence of the
blaxpc gene by PCR. Only rarely are both methods used,
because of higher costs and workload. It is important to
remember that when employing phenotypic tests alone,
which demonstrate the production and hydrolytic activity
of the enzymes, without prior knowledge of CAZ-AVI
exposure a KPC-K. pneumoniae strain carrying a mutated
blaxpc gene (which would yield a negative result) could
be mistaken for an extended-spectrum B-lactamase (ESBL)
producer, as has been reported before.'” On the other hand,
PCR detection of the presence of the blaxpc gene would
not imply resistance to carbapenems, owing to a possible
alteration of the gene.

Taken together, our results as well as all the recent
literature data on CAZ-AVI resistance are a reminder that
we need to use all diagnostic means available, ie, the
combination of phenotypic and molecular methods, to
ensure the best possible sensitivity in the search of resis-
tance determinants. Furthermore, with the increasing use
of CAZ-AVI in hospitals worldwide, it can be expected
that resistance will continue to occur. In this scenario, the
risk of a rapid spread of these new resistance determinants
by horizontal gene transfer is high and hospital surveil-
lance schemes need to be improved and strengthened: new
strategies are needed to meet new challenges.
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